The virus core proteins p3 o, pI5, ppt2 and pto of Rauscher (R-MuLV) and Moloney murine leukaemia virus (Mo-MuLV) were purified. Two-dimensional peptide maps of 3H-leucine-containing tryptic peptides as well as elution profiles from ion-exchange chromatography of tryptic peptides derived from 3H-tyrosinelabelled R-MuLV core proteins and 14C-tyrosine-labelled Mo-MuLV core proteins were compared. The results show that the p3o and plo proteins are very similar but that pl 5 and ppI2 exhibit significant differences.
INTRODUCTION
Two broad serological subgroups of murine leukaemia viruses have been established on the basis of antigens found associated with the leukaemic cells: the Gross (G)-AKR subgroup, and the FMR (Friend-Moloney-Rauscher) subgroup (Old et al. I964; Lilly & Steeves, I974) . Four major proteins (p3o, pI5, ppIz, pIo) , which are generated by proteolytic cleavage of a precursor polyprotein (Pr65~), a product of the gag gene, comprise the internal core complex of the virus. Evidence suggests that gag proteins are highly conserved throughout all avian and murine leukaemia viruses, respectively (Barbacid et al. I977 ). In addition, the primary structure of MuLV p3 o has been shown to be conserved (Oroszlan et al. I974; Gautsch et al. I978) . We present here a comparison by peptide mapping of the virus core proteins of Rauscher (R-MuLV) and Moloney (Mo-MuLV) murine leukaemia virus and demonstrate structural similarities and differences of the virus core proteins encoded by viruses of the same serological subgroup. METHODS 
Cells and viruses.
The clone I strain of Mo-MuLV (Fan & Paskind, I974) was produced in mouse NIH/3T 3 cells; R-MuLV was produced in NIH Swiss mouse cells (JLS-VI6) (Naso et aL 1975) . Clone I Mo-MuLV infected cells were grown in McCoy's 5A medium supplemented with 15 % foetal calf serum; R-MuLV infected JLS-V 16 cells were grown in a modified Eagle's medium supplemented with IO % foetal calf serum (Naso et al. I975) . Virus was purified by precipitation and subsequent banding in a linear sucrose gradient (Syrewicz et al. I972 ) .
Virus proteins. Virus proteins were purified from banded virus by gel filtration (Karshin et al. i977) , except that a Sephacryl S-zoo Superfine (Pharmacia Fine Chemicals, Piscataway, New Jersey) gel matrix was used in place of agarose. A 15 cm head pressure was I62 V.L. NG AND OTHERS applied and elution of virus proteins accomplished with a 6 M-guanidine hydrochloride, o.oi M-dithiothreitol, o'o5 M-HEPES buffer at pH 6.0. Fractions were collected and samples were monitored for radioactivity. The peak fractions were pooled, dialysed extensively against 0"o5 M-NH4HCO3 and lyophilized. The proteins were further purified by subsequent electrophoresis on sodium dodecyl sulphate (SDS)-polyacrylamide gels (I r-25 ~) as described previously (Karshin et al. I977) .
Radioactive labelling of virus proteins and peptide mapping. Radioactive virus was prepared by incubating virus-infected cells in McCoy's 5 A medium supplemented with 15 % dialysed foetal calf serum in 2 quart roller bottle cultures for 24 h. Usually, 5o/~Ci/ml of 3H-leucine or 25 #Ci/ml of 14C-tyrosine was added to the roller culture.
For peptide mapping, radioactive bands were located by fluorography (Bonner & Laskey, I974; Laskey & Mills, I975) and the dried gel slices incubated with 50 #g/ml TPCK-trypsirt (Karshin et al. 1977) . Two-dimensional separation of 3H-leucine labelled tryptic peptides on cellulose acetate thin-layer plates (Eastman Kodak Company, Rochester, New York) was accomplished by electrophoresis at I5o V for 3 h in 27.7% formic acid in the first dimension, followed by ascending chromatography in an n-butanol:pyridine: acetic acid: water (37.5:25:7.5:3o) solvent in the second dimension. To detect the leucine-containing tryptic peptides, plates were then subjected to ascending chromatography in IO% (w/v), 2,5-diphenyloxazole in acetone, air-dried and exposed to pre-fiashed Cronex (Dupont Company, Newton, Connecticut) X-ray film (Bonner & Laskey, ~974; Laskey & Mills, 1975) . Exposure time varied from 4 to 8 weeks.
RESULTS

Purification of virus proteins
ZH-leucine labelled R-MuLV and 3H-tyrosine labelled Mo-MuLV core proteins were purified by molecular sieve gel filtration in 6 M-guanidine-HC1. Five peaks were obtained which are labelled A to E in Fig. I , left panels. The peaks were pooled and further processed by electrophoresis in an II'25 ~ SDS-polyacrylamide gel (SDS-PAGE; Fig. I , right panels). Peak A was found to contain higher mol. wt. virus proteins such as gp7o and aggregates of pi5(E ) and pI2(E) (Karshin et al. 1977) . Virus core proteins p3o, pI5, ppI2 and plo were found as major components of peaks B, C, D and E, respectively ( Fig. I , right panels). The migration of viral pI5 and ppI2 in SDS-PAGE was as expected for R-MuLV ( Fig. Ia) , but ppI2 migrated slower than pI5 in SDS-PAGE in the case of Mo-MuLV (Fig, I b) .
Peptide mapping of virus core proteins It is well known that the virus core proteins of Rauscher and Moloney murine leukaemia viruses show antigenic relationships (Old et al. 1964; Lilly & Steeves, 1974) -The purpose of this study was to compare the structural relationships of the virus core proteins as reflected by their peptide maps. We have chosen to simplify the complexity of the peptide maps by labelling with either radioactive leucine or tyrosine. In addition, the tryptic peptides were fractionated either by a two-dimensional thin-layer procedure or by cation-exchange chromatography.
Analysis of tryptic peptides by cation exchange chromatography
Purified tyrosine-labelled virus core proteins of R-MuLV and Mo-MuLV were digested with trypsin and the resulting tyrosine-containing tryptic peptides subjected to analysis by cation exchange chromatography. Samples of 3H-tyrosine-labelled R-MuLV tryptic peptides of p3o, pt5, ppI2 and pro were mixed with samples of the analogous 14C-tyrosine- Mo-MuLV pIo contained only one tyrosine tryptic peptide (Fig. 2 d, fraction 89) , which I66 v.L. NG AND OTHERS was shared with R-MuLV pIo. In addition, R-MuLV pIo contained one unique tyrosine tryptic peptide (fraction 42). In summary, cation exchange chromatography of tyrosine-containing tryptic peptides of R-MuLV and Mo-MuLV virus core proteins has demonstrated structural similarities between the p3os, yet demonstrated significant differences between the ppI2s. In the case of the pI5s and pIos, not enough tyrosine-containing tryptic peptides were resolved to draw conclusions about the relationships of these proteins.
Two-dimensional fingerprint analysis of tryptie peptides
To gain more information about the structural relatedness of Rauscher and Moloney virus core proteins, we compared the two-dimensional peptide maps of these proteins. Purified aH-leucine-labelled virus core proteins of R-MuLV and Mo-MuLV were digested with trypsin and the resulting tryptic peptides subjected to fingerprint analysis on thin-layer cellulose acetate plates as described in Methods. Shared leucine-containing tryptic peptides were identified by mixing samples of the respective R-MuLV and Mo-MuLV leucinecontaining tryptic peptides and subjecting the mixtures to two-dimensional fingerprint analysis. Co-migration of tryptic peptides in both dimensions was indicative of primary peptide sequence homology.
The p3o leucine-containing tryptic peptide fingerprints of R-MuLV and Mo-MuLV were remarkably similar (Fig. 3 a, c) . The majority of leucine-containing tryptic peptides were shared (spots I, 3, 5 to I3) as determined by superimposition of the fingerprints. In addition, Mo-MuLV contained one unique p3o leucine-containing tryptic peptide (spot 2), while R-MuLV contained five unique leucine-containing tryptic peptides (spots 4, r4 to I7).
Structural homology of R-MuLV and Mo-MuLV pros was clearly demonstrated by this method (Fig. 3b, d) . The fingerprint analyses yielded nearly identical patterns. Mixing experiments (Fig. 5 a) demonstrated that R-MuL:, r and Mo-MuLV pIos share four leucinecontaining tryptic peptides (spots I, 3, 5, 6). Mo-MuLV plo was observed to contain two minor leucine-containing tryptic peptides (spots 2, 8), while R-MuLV pro contained two unique leucine-containing tryptic peptides (spots 4, 7)-The minor Mo-MuLV spot 8 was not observed in the mixing experiment.
The leucine-containing tryptic peptide fingerprints of R-MuLV and Mo-MuLV pI5s showed no structural homology (Fig. 4 a, c) . Mixing experiments (Fig. 5b ) demonstrated that the R-MuLV p15 leucine-containing tryptic peptides (spots I, 3) were unique and distinct from the Mo-MuLV pI5 leucine-containing tryptic peptides (spots 2, 4, 5). Although cation-exchange chromatography of R-MuLV and Mo-MuLV pi5s demonstrated two tyrosine-containing tryptic peptides with similar elution properties (Fig. 2b) , fingerprint analysis of the leucine-containing tryptic peptides demonstrated no structural homology.
The two-dimensional fingerprints of R-MuLV and Mo-MuLV ppI2 leucine-containing tryptic peptides demonstrated a marked structural dissimilarity (Fig. 4b, d ). Mixing experiments (data not shown) indicate that four leucine-containing tryptic peptides were shared between R-MuLV and Mo-MuLV (spots I, 5, 7, 9)-However, R-MuLV ppI2 contained one unique leucine-containing tryptic peptide (spot 6), while Mo-MuLV ppI2 contained five unique leucine-containing tryptic peptides (spots 2, 3, 8, I o, I x, 12) . Changes in peptide migration can be attributed to degree of phosphorylation, but we have not as yet determined this as being the major factor in the marked dissimilarity of the pp 12 fingerprints of R-MuLV and Mo-MuLV.
In summary, by use of two-dimensional fingerprinting of leucine-containing tryptic peptides, we have been able to demonstrate the structural homology between R-MuLV and Mo-MuLV p3os and pios, whereas structural dissimilarities were detected between 3H-leucine-labelled tryptic peptides were obtained as described in Fig. 3 , Equal amounts of radioactivity of the proteins within each mixing experiment were mixed together and analysed as in Fig. 3; (a) pIo mixture; (b) pl 5 mixture.
D I S C U S S I O N
In view of their role in virus assembly and structure, it becomes of interest to examine the conservation of the primary structure of the MuLV core proteins. Rctroviruscs arc capable of self-assembly, a process in which the synthesis and cleavage of polyprotcin precursors must bc an important factor (Jamjoom et al. 1976; Yoshinaka & Luftig, 1977; Bologncsi et al. 1978) . It thus becomes tempting to speculate about the 'tolerated' mutations of the primary structure of the virus core proteins permitting virus differentiation, yet allowing conservation of the mechanisms necessary for virus assembly and infectivity.
Two broad subgroups of MuLVs have bccn scrologicalIy dcfincd (Old et aL ~96d; Lilly & Stccvcs, 1974) as based upon the types of antigcns associated with Icukacmic cells: the Gross-AKR subgroup, and the Fricnd-Moloncy-Rauschcr subgroup. It is bclicvcd that the Icukacmic ccl! surface antigens represent the surface localization of gp7 o and the glycosyfated core polyprotcin precursor of the infecting virus (Tung et aL 1976, ~977; Lcdbcttcr et al. 1977) .
The results presented hcrc compare and contrast the primary structure of the core proteins of R-MuLV and Mo-MuLV-two MuLVs grouped together on the basis of serological properties. Of the four major virus proteins appearing in virus cores, it is interesting to note that the primary structure, as dctcrmincd by two-dimensional pcptide mapping of p3o and pIo of R-MuLV and Mo-MuLV, appears to bc highly conserved. The conservation may bc a necessary factor for virus propagation, as p3o is thought to form the core shell, whereas pIo is found inside the core shell, is a protein rich in argininc and lysinc and is found in association with the RNA of dctcrgcnt-lysed particles (Eisenman & Vogt, t978) .
It has bccn observed that the p3os of MuLVs contain a highly conserved primary amino acid sequence (Oroszlan et al. I974)-It is of interest to note that these workers cstimatcd a I69 maximum of only I to 2% difference in the primary sequence of the p3os of seven MuLV strains studied, as based on the sequencing of the first 25 amino acid residues at the Nterminus coupled with peptide fingerprinting analyses. Gautsch et al. (t978) have also demonstrated the conservation of the primary structure of MuLV p3os. However, their two-dimensional fingerprints of 125I-labelled tryptic peptides of R-MuLV and Mo-MuLV p3os show more structural differences than our analyses of tyrosine-containing and leucine-containing tryptic peptides. We attribute this discrepancy to the technical difficulties of radioiodination, in which phenylalanine and/or histidine residues may be inadvertently labelled. Fingerprint analysis of radioiodinated tryptic peptides would then allow detection of peptides deficient in tyrosine, yet radiolabelled by virtue of the histidine and/or phenylalanine residues present. Nonetheless, our data support this observation of the highly conserved structure of MuLV p3os.
Thus, it appears that the conservation of p3o structure is necessary in that this protein plays an important role in virus structure, and marked structural deviations might be selected against during virus evolution. The conservation of the primary structure of plo may be explained also by its role in virus assembly. The role of this highly basic protein, pIo, is to neutralize the highly charged RNA species located within the virion. Thus, major structural alteration might not be 'allowed' due to specific electrostatic interactions necessary for virus assembly and production of stable virions.
The dissimilarity of R-MuLV and Mo-MuLV pI5 and ppI2 is interesting in the light of their possible roles in the virus assembly. Viral pI5 exhibits hydrophobic properties and is thought to associate with lipids (Eisenman & Vogt, 1978) . One can postulate that the Nterminal location of pI5 on the gag polyprotein precursor, in combination with its hydrophobic properties, might be the factor involved in ' leading' the precursor to an intracellular membrane site where subsequent cleavage and virion assembly can occur. Thus, conservation of only the hydrophobic region of this protein may be necessary, while mutations in other regions may not have deleterious effects. Viral ppI2 is a phosphorylated protein species, capable of different degrees of phosphorylation (Pal et al. 1978 ). In addition, it will only bind with affinity to homologous RNA, indicating a specific association with nucleotide sequences (Sen et al. I976; Sen & Todaro, I977; Leis et al. I978 ). This specific interaction may be a factor in the recognition of the virus RNA by their virus core polyprotein, Pr65"% as well as in regulating transcription and/or translation. In view of the specific association with homologous RNAs and the differences observed between RNAs (Sen et al. I976; Sen & Todaro, I977), it is not so surprising to observe a non-relatedness in the primary structure of R-MuLV ppI2.
Our data support a recent report by Brouwer et al. (I979) , in which the amino acid composition of the virus core proteins of R-MuLV and Mo-MuLV were compared. Our data are in agreement with theirs, in which p3os and plos were shown to have similar amino acid compositions, whereas ppI2s differed significantly.
The evidence presented in this communication demonstrated deviations in the primary structure of the mature viral gag proteins of R-MuLV and M o-MuLV, indicating the MuLVs of the same subgroup exhibit many more structural differences than can be determined serologically.
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